Abstract. Numerous acoustic systems have been developed over the past 25 years for remote classification of the seabed. Many systems use inversions of echo returns to estimate seafloor impedance and then use empirical relationships to predict other seabed properties from values of impedance. New regressions are presented, separately for siliciclastic and carbonate sediments, which allow prediction of sediment grain size, porosity, bulk density, percent sand and gravel and sound speed ratio and attenuation from values of an index of impedance (product of sound speed ratio and bulk density). This index is independent of pore water temperature and salinity and water depth. The regressions are based on nearly 800 cores collected from 67 shallow-water sites around the world (12 carbonate and 55 siliciclastic sites). Data are typically restricted to the upper 30 cm of sediment. The regressions based on the nearly 4,500 common data points from core measurements (3,922 for siliciclastic and 621 for carbonate sediments) do not vary significantly from the regressions for siliciclastic sediments first presented by Richardson and Briggs (1993) or between carbonate and siliciclastic sediments suggesting the empirical predictions universally apply to coastal sediments. Sound speed dispersion, sediment disturbance during core collection and measurement, inequalities between sample size (acoustic footprint vs. core diameter), spatial variability, and regression error all affect the accuracy of sediment property predictions.
INTRODUCTION
Many acoustic sediment classification systems use the amplitude of echo returns to estimate seafloor impedance. Empirical relationships between seafloor impedance and sediment physical properties are then used to map seafloor physical properties such porosity, bulk density, percent sand and gravel, or mean grain size and geoacoustic properties such as sound speed and attenuation. In this paper, we provide an update to the empirical relationships first given by Richardson and Briggs [1] to predict values of seafloor properties from a temperature-independent index of acoustic impedance. In the 1993 paper, the authors analyzed 1,243 measurements of impedance and physical properties from 211 cores collected from 22 sediment types at 11 siliciclastic sites. For this paper the data set has been expanded to over 4,500 measurements from 67 shallow water sites, with both siliciclastic and carbonate sediments represented (Tables 1 and  2 ). Our first objective is to determine if the almost-5-times-larger data set collected over a wider range of sediment types yields differences in empirical relationships between an index of impedance and related sediment physical and geoacoustic properties. The second objective is to determine whether these empirical regressions yield different predictions from carbonate and siliciclastic sites as suggested by Richardson and colleagues from the analyses of sediments collected from the Florida Keys [2] .
METHODS FOR SEDIMENT COLLECTION AND LABORATORY DATA ANALYSES
Sediment geoacoustic and physical property measurements were made from sediments collected with 45-cm-long, 5.9-cm-inside-diameter, clear, polycarbonate coring tubes. Most sediments were collected by divers but sediments collected from eight sites (Montauk Point, Quinault Range, Arafura Sea, Russian River, Eel River, North Sea , TOSSEX, and Straits of Juan de Fuca), which were too deep for diving operations, were subsampled from 0.25m 2 spade box cores. Cores were capped at both ends immediately after collection to retain the overlying water and kept in an upright position during transport to the laboratory for analysis. Collection, measurement, and handing procedures were designed to minimize sampling disturbance and to maintain an intact sediment-water interface within the coring tube.
Sound speed and attenuation were measured on sediment at 1-cm intervals within the core tubes, usually within 24 hours of collection, using time-of-flight and amplitude of pulsed 400-kHz sine waves transmitted across the core tube [3] . Sediment sound speed is calculated from the differences in time-of-flight between sediment and distilled water within identical core tubes, the measured inside diameter of the core tube (5.9 cm), and the sound speed within the distilled water. Attenuation is measured as 20 log of the ratio of the mean amplitude of the waveform transmitted through water to those transmitted through sediment. Sound speeds are reported as the unitless sound speed ratio (V p ratio) which is the ratio of measured sound speed to the sound speed of pore water at the same temperature, salinity and pressure. Attenuation is expressed in units of dB m -1 kHz -1 (k) after Hamilton [4] . Sediments were then extruded from sediment cores and sectioned at 2-cm intervals to determine sediment porosity and grain size distribution. Porosity was determined from weight loss of sediments dried at 105° C for 24 hours and corrected for residual salt. Grain density was determined using a pyncnometer. Sediment bulk density was calculated from the porosity and densities of pore water and sediment grains. Sediment grain size was determined from disaggregated samples by dry sieving for sand-sized particles and by either pipette methods or Micromeritics sedigraph for silt-and claysized particles.
Sediment impedance (Z, kg m -1 s -1 ) is the product of sediment sound speed and bulk density. Sediment sound speed is dependent on pore water temperature and salinity and pressure (water depth). Furthermore, sound speed in sediment at a single site can vary up to 10% over the range of seasonal conditions expected in coastal waters [1] . Therefore, the pore-water-independent Index of Impedance (IOI), which is the product of the sediment bulk density and velocity ratio, is used to calculate empirical relationships between sediment impedance and other sediment physical properties.
RESULTS AND DISCUSSION
Sediment physical and geoacoustic properties were measured on over 800 cores collected from 67 shallow-water sites around the world (12 carbonate and 55 siliciclastic sites). The total of 4,582 collocated measurements is nearly 5-times the number of measurements used by Richardson and Briggs [1] to determine similar empirical relationships between the index of impedance (IOI) and sediment physical and geoacoustic properties and includes measurements in carbonate sites (609) as well as siliciclastic sites (3973). Sediment at the 55 siliciclastic sites ranged from veryhigh-porosity clays (such as Eckernförde Bay, Baltic Sea or St. Andrew Bay, Florida) to coarse sands in the northeastern Gulf of Mexico ( Table 2 ). Siliciclastic sampling sites were generally associated with high-frequency acoustic bottom scattering experiments and include sites in the Mediterranean, Baltic and North Seas, and along the entire range of Atlantic, Pacific and Gulf coasts of the US [1, 3, 5] . Carbonate sampling sites are geographically restricted to tropical waters along the southern coastline of Florida [2] and Hawaii but, nevertheless include several sediment types ( Table 1) .
The Index of Impedance (IOI) provides excellent predictions of sound speed ratio, bulk density, and porosity for both carbonate and siliciclastic sediments (Figures 1 and  2 ; Tables 3 and 4) . This is not surprising as IOI is the product of velocity ratio (V p R) and bulk density, and both sediment bulk density and porosity are determined from the same wet loss measurements. Predictions of V p , V p R, bulk density and porosity for carbonate and siliciclastic sediments vary less than 14 m s -1 , 0.001, 0.04 g cm -3 , 4% respectively, over the full range of values of IOI suggesting regressions for each parameter derived from the entire data set is appropriate ( Table 5 ). The coefficients of determination (r 2 ) between IOI and sediment mean grain size and percent sand and gravel are lower for carbonates than siliciclastic sediments. The lower values of r 2 between IOI and grain size properties due to scatter in the data justify combined regressions using all carbonate and siliciclastic data in spite of up to 0.6 phi and 17% differences in predicted mean grain size and percent sand and gravel. Based on the data presented, attenuation is poorly predicted from impedance. (Table 1, Table 3 ) are based on 69 cores collected from 12 sites around southern Florida and in the Hawaiian Islands. Attenuation (k, dB/m/kHz) FIGURE 2. Empirical relationships used to predict sediment physical and acoustic properties from the Index of Impedance (IOI) for siliciclastic sediments. Data and regressions (Table 2; Table 4 ) are based on over 3,900 measurements made on cores collected from 55 shallow-water sites world-wide. 
CONCLUSIONS
The Index of Impedance (IOI) can be used to predict accurately sound speed, density, and porosity in seafloor sediments and, with a lesser degree of accuracy, predict mean grain size and percent sand and gravel. The lower values of the coefficient of determination (r 2 ) between IOI and mean grain size (percent sand and gravel) compared to sediment bulk density, porosity, or sound speed reflect the lack of fundamental physical relationship between mean grain size and either sediment bulk density or sound speed (Fig. 3) . The coefficients of determination (r 2 ) are 0.84 and 0.64, respectively. In muddy sediments, consolidation (dewatering) lowers porosity and increases density without a change in mean grain size. In sands, porosity can vary up to 10%, depending on packing [7] . Given the same packing a uniform assemblage of spheres would theoretically achieve the same porosity regardless of grain diameter (size). Using values of mean grain size as an index, especially in the silt-size range, may be very misleading because of major differences in sorting (standard deviation of the particle size distribution). Well-sorted sediment composed of wholly silt-size particles may have the same mean grain size as poorly sorted sediment with a mixture of sand-and clay-size particles. The resultant density and sound speed of these two sediments, however, might be very different. Given the aforementioned issues, it is perhaps amazing that empirical regressions between grain size-related parameters and sediment density, porosity, sound speed, or impedance have any predictive value. The use of different empirical IOI regressions for carbonate sediments than for siliciclastic sediments may be justified for some specific carbonate sites where intraparticulate porosity is high [2] but is not justified for more generalized relationships for all coastal sediments, based on the data presented here. Therefore, the regressions based on the combined data set (Table 5 ) are recommended for general use. The regressions presented by Richardson and Briggs [1] in 1993 do not significantly differ from those regressions developed from the much larger data sets from siliciclastic sediments used here (Tables 4 and 5 ). Mean absolute differences between the 1993 and 2004 IOI regressions were as follows: 1.4% for porosity, 0.0108 g cm -3 for bulk density, 0.13 phi for mean grain size, 0.0025 for velocity ratio and 3.8 m s -1 for sound speed. A regression between IOI and percent sand and gravel was not calculated by Richardson and Briggs [1] . Attempts to predict compressional wave attenuation from IOI at these high acoustic frequencies (400 kHz) have failed because of the high, but unknown, contribution of scattering to the overall measured attenuation. Intrinsic attenuation probably does not exceed the lower level of the curvilinear fits given in Figures 1 and 2 . However, it is notable that attenuation in the carbonate sediments is on average 0.14 dB m -1 kHz -1 (56 dB m -1 @ 400 kHz) higher than for siliciclastic sediments.
Poro-elastic models predict that sound speed is dispersive, especially in sandy sediments [6] . The empirical relationships presented here were developed using sound speeds measured at 400 kHz. Typical echo sounders operate at 3.5 to 30 kHz, where sound speeds and thus impedance values may be lower. This dispersion effect is more pronounced in sand compared to muddy sediments. In the example given by Williams et al [7] for the sand sediment of the SAX99 experiments, measured sound speeds were 25-75 m/s higher at 400 kHz than over the 3.5-to 30-kHz frequency band. The calculated values of IOI, given the mean sediment density of 2.066 g cm -3 , would be 2.4 g cm -3 at 400 kHz and 2.3 g cm -3 at 3.5 kHz. Based on this amount of sound speed dispersion, sediment properties predicted at 3.5 kHz would be different than from measured sound speeds (400 kHz): porosity is 2.6% higher, bulk density is 0.05 g/cm
